Deep counts of submillimeter galaxies by Blain, A W et al.



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 Deep Counts of Submillimeter Galaxies
some regions of the source plane are observed to greater
depths than others, even if the sensitivity across the ob-
served map|the image plane|is uniform. With a suÆ-
ciently detailed mass model for the lens, corrections can be
applied to model the eects of lensing accurately, and thus
the enhanced sensitivity to faint background sources can
be exploited. Moreover, lensing provides a further advan-
tage: because sub-mmwave telescopes have coarse angular
resolution as compared with optical telescopes, source con-
fusion can contribute noise in faint images (Blain, Ivison,
& Smail 1998; Hughes et al. 1998). The ux density of all
background sources is increased by a lensing cluster, while
their mean separation on the sky is also increased. Both
of these features reduce the problem of confusion.
The lensing eect of the rich clusters exploited in the
survey is modeled accurately by using multiple-component
mass distributions that describe the extended potential
well of the clusters and their moremassive individual mem-
ber galaxies (e.g., Kneib et al. 1996). These models are
derived using the positions of multiply imaged features
identied in high-resolution optical images and are very
well constrained using the spectroscopic redshifts of these
multiple images. Details of the mass models employed can
be found in Cl 0024+16 (Smail et al. 1996), A 370 (Kneib
et al. 1993; Bezecourt et al. 1999), MS 0440+02 (Gioia et
al. 1998), Cl 0939+47 (Seitz et al. 1996), A 1835 (Edge et
al. 1999), A 2390 (Kneib et al. 1999), and Cl 2244 02 (J.-
P. Kneib 1998, private communication). The uncertainties
in the magnication of background galaxies derived from
these models are 10%{20% and so are comparable with
the uncertainty in the absolute calibration of the SCUBA
maps.
The lens amplication depends on both the redshift of
the lens (z
l
) and source (z
s





eect is minor. The lensing clusters are at redshifts be-





complete redshift distribution of SCUBA-selected galaxies
is gradually being determined (Barger et al. 1998, 1999;
Hughes et al. 1998; Lilly et al. 1999; Smail et al. 1998).
Based on identications made in high-quality optical im-
ages and extremely deep radio maps, and follow-up optical
spectroscopy (Barger et al. 1999), we are able to distin-
guish which SCUBA galaxies are within the clusters, and
in the foreground and background. The numbers of galax-
ies assigned to each category are listed in Table 1. It is





5 (Smail et al. 1998), and no background candi-
dates have been spectroscopically conrmed at z
s
< 0:9




1 for the background
galaxies, and so is indeed expected to be much greater
than z
l
. Uncertainties in the redshift distribution of the
SCUBA galaxies should not aect the derived counts sig-
nicantly. The full sample of spectroscopic identications
of foreground/cluster/background galaxies span the red-
shift range 0.2 to 2.8; 14 out of the 17 detected galaxies
have plausible identications (Barger et al. 1999). The
potential systematic errors due to these uncertainties are
discussed in Section 3.1. At about the 15% level, they com-
prise a small contribution to the error budget in the count
calculations.
3. MODELING THE COUNTS
Two approaches were taken to derive counts from our
sub-mm maps and catalogs: a direct inversion of the
observed source catalog, and a Monte Carlo method to
constrain a parametric model for the background source
counts. A comparison of the two techniques allows us to
verify the reliability of the results.
3.1. Direct Inversion
The detailed mass models available for the seven clus-
ters observed in the Smail et al. (1998) sample were used
to reconstruct the counts of background galaxies by cor-
recting for the eects of lensing. Due to the diÆculties of
incorporating incompleteness corrections in this method,
we concentrated on the 80% (greater than 4) sample dis-
cussed by Smail et al. (1997, 1998). We also conducted
the analysis using the more liberal 50% (greater than 3)
sample, in order to both compare the results and assess the
systematic error expected from the procedure. SCUBA de-
tections identied with galaxies within the lensing clusters
were excluded from our analysis. The number of galaxies
identied with cluster sources and foreground galaxies are
listed in Table 1. At the faintest ux density, the 50%
and 80% samples contain eight and 14 noncluster galaxies
respectively.
Using the appropriate LENSTOOL models, the detected
sources identied with background galaxies were mapped
from their observed positions back onto the source planes
at four values of z
s
= 1, 2, 3, and 4. The ux densities
of the galaxies were also corrected individually for lens
amplication, leading to true ux densities in the source
plane that are less than the observed values. Again, we
stress that this correction is only weakly dependent on




1. None of the background
SCUBA sources can be explained easily as multiple images
of the same galaxy; however, such multiple images could
be detected in deeper integrations. The number of galax-
ies in the catalog that are brighter than a ux density S,
N
raw
(> S; z) is calculated at each redshift by simply count-
ing the number of sources brighter than S in the source
plane, after correcting for lensing. A simple Poisson un-
certainty is attached to this value.





experiences a magnication greater than  for all seven clusters in the
Smail et al. (1998) survey. The dierences between clusters reect their
dierent redshifts and mass distributions. Low magnications are ab-
sent because the SCUBA eld of view encompasses only the concentrated
cores of the clusters.
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The area of background sky within which a galaxy would
be detectable in each cluster was determined from a map
of the magnication in the source plane, derived using the
LENSTOOL models. This quantity is also a weak function




1. The area of the source plane behind
each cluster that lies within the SCUBA eld of view and
is magnied by a factor greater than , A
>
, is shown in
Figure 1, as an example for z
s
= 2. Due to the magnica-
tion, A
>
is smaller than the SCUBA eld of view.
A galaxy with a ux density S in the source plane will
appear in the image plane of a particular cluster above
a detection threshold S
min
if it is magnied by a factor
greater than  = S
min
=S. The area in the source plane
within which such a galaxy would be detected in that clus-




=S; z). The ux density threshold S
min
and the form of A
>
are dierent for each cluster. By di-
viding the number of detected galaxies N
raw





=S; z) for all seven clusters, the cumula-









found. The count of identied foreground eld galaxies is
then calculated in the normal way and added to the result.
The count was calculated independently using this
method for redshifts z
s
= 1, 2, 3 and, 4. The spread in the
results between these four cases as a function of ux den-
sity threshold is shown in Figure 2. The results obtained
from both the 50% and 80% samples at each redshift are
compared with the mean count in each sample. The counts
are remarkably consistent, reecting partly that the value






 1, indicating a small but positive magnication bias.
The redshift-dependent scatter within the results obtained
using both the 50% and 80% samples is never more than
30%. Averaged over the range of ux densities from 0.5





for background galaxies, as suggested by the initial spec-
troscopic results (Barger et al. 1999), the systematic un-
certainty in the results due to the redshift distribution of
the detected background galaxies is expected to be smaller
than the absolute calibration uncertainties in the SCUBA
images. These systematic uncertainties are included in the
reported errors.
To reinforce this point, if the galaxies that are identied
in the foreground of the clusters are assumed to be mis-
identied, and are actually background galaxies, then the
counts at S < 2mJy are expected to increase by about
0.5 with the brighter counts remaining the same. If all
the background galaxies are assumed to be at z
s
= 4,
then the count at ux densities less than and greater than
2mJy is expected to be reduced and increased by about
0.2, respectively.
Fig. 2. Systematic dierences in the inferred counts for the 80% Smail
et al. (1998) sample (solid lines) for dierent assumed median redshifts
for the sources. The line thickness increases in the order z
s
= 1, 2, 3, and
4. We also show the corresponding result for the 50% sample (dashed
lines). The count values are normalized to the mean count derived from
all four redshift values. These is little variation in the counts. At worst
the counts for z
s
= 1 and z
s
= 4 dier by 30%. The mean scatter of
the results about the mean for the four dierent redshifts between ux
densities of 0.5 and 8mJy is 12% in both the 50% and 80% samples. Note
for comparison that the Poisson error on the counts is about 35%.
3.2. Parametric Simulations
To conrm the reliability of the results from the direct
inversion we performed Monte Carlo simulations of our
observations using a parametric model for the background
galaxy counts, and thus derived the best-t parameters
by comparison with the observations. This technique has
the advantage that we can explicitly include the incom-
pleteness of our maps at faint ux densities and so derive
the counts separately for both the 80% and 50% samples.
Galaxies were drawn from a population with a count de-





each realization we selected a value of K and  and pop-
ulated the source planes of the seven clusters at random
for each of the four values of redshift used above. The
source planes were then mapped onto the image planes
using the LENSTOOL models. The source catalogs de-
rived from the areas of the image planes for each cluster
covered by our SCUBA observations were then convolved
with the appropriate incompleteness function determined
by Smail et al. (1998) to determine the number of galax-
ies that would be detected in each cluster in the 50% and
80% samples. One thousand realizations of this process
were executed for each set of model parameters [K,] to
derive a Monte Carlo estimate of the count of background
galaxies. As for the direct method, counts were calculated
assuming z
s
= 1, 2, 3, and 4 for the background galaxies.
The predicted counts from each cluster and value of z
s
were then added and compared with the observed counts
for all seven clusters, assuming Poisson statistics, and the
probability that the observed counts could be produced
from each [K,] pair was determined. The most proba-
ble values of K and  were determined at ux densities
S
0
= 1, 2, and 4mJy.
4 Deep Counts of Submillimeter Galaxies
Cumulative 850m counts
Note| Deduced from both the direct analysis of the 80% sample and the Monte Carlo (MC) analysis of both the 80% and 50% samples. Note that
the errors on the counts are not independent and that they should not be used to derive dierential counts. The number of galaxies in the 80% and
50% samples that are brighter than each ux density, measured in the source plane, are given in the fth and sixth columns, in the form of numbers of
background/foreground/cluster galaxies.













0.5 22 9 ... ... 7/1/2 12/2/3
1.0 8:0 3:0 8:6 3:0  1:3 0:4 7/1/2 11/2/3
2.0 2:6 1:0 3:9 1:3  1:4 1:0 7/1/2 11/2/3
4.0 1:5 0:7 1:4 0:5  1:8 0:7 6/1/2 6/2/3
8.0 0:8 0:6 ... ... 3/1/1 3/1/1
Fig. 3. Cumulative sub-mm counts corrected for lens magnication as
listed in Table 1. The results obtained by direct inversion are shown by
solid circles, while the 1 bounds to the counts estimated from Monte
Carlo simulations are shown by dotted lines. Earlier counts from Barger
et al. (1998; B98), Eales et al. (1999; E98), Holland et al. (1998; H98),
Hughes et al. (1998; Hu98) and Smail et al. (1997; S97) are shown by
crosses. P (D) signies the result of Hughes et al.'s confusion analysis.
4. RESULTS
The counts determined using both the direct and Monte
Carlo methods are listed in Table 1 and shown in Figure 3.
For both methods, the fractional errors obtained when the
counts were calculated assuming redshifts z
s
= 1, 2, 3,
and 4 were very similar. The mean of these errors was
used to dene the nal random error on the count. The
quoted errors also include a systematic term, equal to the
fractional spread of the results obtained for the 50% and
80% samples and for all four values of z
s
. The errors re-
ported in Table 1 are thus the most conservative that can
be formulated from the data. In order to be maximally
conservative, the faintest count at 0.5mJy is plotted in
Figure 3, at the value listed in Table 1, but as an upper
limit rather than a detection. It is possible for the counts
to converge at a ux density just less than 1mJy, but still
remain consistent with the observed catalogs.
The direct and parametric estimates of the faint sub-mm
counts in Table 1 and Figure 3 are fully consistent, sup-
porting the reliability and robustness of these results. The
new counts are deeper and more accurate than any existing
data, including the uctuation analysis of the extremely
deep SCUBA image of the Hubble Deep Field (Hughes
et al. 1998). This shows the advantages of making sub-
mm observations of cluster lenses for which accurate mass
models are available. At brighter ux density levels, the
results are coincident with and have comparable errors to
the initial results of the SCUBA survey in Canada{France
Redshift Survey elds (Eales et al. 1999).
By integrating over the counts brighter than 0.5mJy,







in resolved sources is obtained. This is
comparable to the current background radiation intensity
obtained from COBE data by Fixsen et al. (1998).
5. CONCLUSIONS
By exploiting the magnication due to clusters of
galaxies, we have determined the surface density of
submillimeter-luminous galaxies down to a very faint ux
density limit of 0.5mJy at 850m, several times fainter
than the confusion limit of the JCMT in blank elds. The
results are consistent with those from an initial analysis
of a subset of our catalog (Smail et al. 1997) and with
the shallower counts from blank-eld surveys. The errors
on the counts are now reduced by a factor of 2 as com-
pared with our earlier work. The count of 850m galaxies
brighter than 1mJy is 7900 3000deg
 2
. We have shown
that the systematic errors due to both the uncertainties
in the redshift distribution of the detected galaxies and
the mass models of the clusters studied are less than 25%,
and thus comparable to the absolute ux calibration of the
SCUBA maps.
By summing the new counts down to their ux den-
sity limit, we have shown that our SCUBA maps resolve
the major part of the 850m background radiation in-
tensity into individual ultraluminous galaxies with lumi-









if no AGN contribution
is present). Hence, most of the dust-enshrouded star-
formation/AGNactivity in the distant Universe took place
in rare but extreme events.
Deeper SCUBA observations in the elds of rich lensing
clusters will allow the counts ultimately to be pushed to
even fainter ux densities than those achieved here, espe-
cially if an upgraded SCUBA becomes available. However,
a signicant improvement of our knowledge of the faint
sub-mm-wave counts awaits the commissioning of a large
millimeter-wave interferometer array.
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